Abstract. Tropical dry forests are one of the world's most endangered forest types. Currently there are no comparative data on extent or levels of species richness for remaining forest fragments. This research identifies landscape metrics and spectral indices that can be applied at the stand and patch level to predict woody-plant species richness in tropical dry forests. This study was undertaken in 18 stands of tropical dry forest with nine sites in the Florida Keys and nine sites within an urban-agricultural matrix in mainland Florida, USA. Woody-plant species richness was quantified at the stand level (belt transects totaling 500 m 2 ) and patch level (presence/absence data for 65 native tropical plants Յ2.5 cm dbh) for all study sites. Landsat Enhanced Thematic Mapper Plus (ETMϩ) satellite images (pixel resolution 30 ϫ 30 m) were used to assess the utility of landscape metrics (forest patch area, nearest neighbor distance, shape index, boundary complexity) and spectral indices (normalized-difference vegetation index [NDVI] for nine pixels and 500 pixels directly over transects, and all pixels in the forest patch area) for predicting stand-and patch-level species richness. The 18 stands of tropical dry forest sampled in this study included 4248 woody plants, representing 71 species.
INTRODUCTION
Tropical dry forest is loosely defined as forest in frost-free regions with 500-2000 mm of annual precipitation and a dry season of four to seven months with less than 50 mm of precipitation (Walter 1971) . Tropical dry forests are one of the world's most endangered forest types because the distribution of these forests has been reduced to a small fraction of their original extent by the expansion of agriculture and pasture in the tropical lowlands (Janzen 1988) . The tropical dry-forest fragments that persist to this day are further degraded by fire and fuelwood collection (Lerdau et al. 1991 , Mittermeier et al. 1999 . Currently there are 11 biodiversity hot spots, or regions with exceptional concentrations of endemic species that are experiencing an exceptional loss of habitat, that contain tropical dry forest (Myers et al. 2000) . These forests 1 E-mail: tg@geog.ucla.edu significantly contribute to overall levels of woody-plant diversity and endemism, especially on continental and oceanic islands, and tropical dry forests are the most degraded and inadequately protected vegetation type in tropical biodiversity hot spots (Janzen 1988 , Gentry 1995 , Mittermeier et al. 1999 , Gillespie and Jaffre 2003 . However, no comparative data on the current extent of tropical dry forests in biodiversity hot spots exists and there are almost no data on comparative levels of species richness in remaining forest fragments (Mittermeier et al. 1999) . A number of complex and interacting variables have been associated with species richness in tropical dry forests at a local spatial scale (Whittaker et al. 2001, Quigley and Platt 2003) . Topography (Bowman 1996) , edaphic factors (Russell-Smith 1991 , Bowman et al. 1993 , precipitation (Fensham 1995) , habitat fragmentation (Janzen 1988 , Gillespie et al. 2000 , natural disturbances (Connell 1978, Quigley and Platt 2003) , and anthropogenic disturbances (Murphy and Lugo 1986 , Roth 1999 , Gillespie et al. 2000 have been identified as predictors of woody-plant species richness in tropical dry forests. Many of these predictors of species richness are region specific due to the unique evolutionary, geographic, and land-use histories of each region (Whittaker et al. 2001 , Ross et al. 2002 , Thompson et al. 2002 . One productive avenue for ecologists and biogeographers is to identify landscape characteristics associated with species richness in tropical dry-forest stands and patches using methods that can be informative and easily undertaken in all regions. This would enable a first-order approximation for patterns of plant species richness in tropical dry-forest regions.
Geographic information system (GIS) techniques have resulted in over 70 landscape metrics that may be associated with species richness in habitat fragments (Forman and Gordon 1986 , Forman 1995 , Scott and Jennings 1998 . These landscape metrics are generally calculated from polygons of land-cover types that are collected from satellites and can be acquired for all tropical dry-forest regions. Currently, landscape metrics are based on vector data (point, line, area) that have been developed to characterize patches and landscapes and may be correlated with woody-plant species richness in tropical forest fragments (Forman and Gordon 1986) . The most robust landscape metrics are based on the theory of island biogeography; the central concept of this theory is that species richness on islands or habitat fragments can be predicted by area and isolation (MacArthur and Wilson 1967) . The species-area relationship is one of the best documented patterns in ecology, and isolation of habitat fragments has been correlated with species richness in a number of studies in tropical forests (Bierregaard et al. 1992 , Kupfer 1995 . More recently, landscape-ecology theories have been used to develop metrics that focus on fragment shape and the surrounding landscape matrix (Saunders et al. 1991 , Forman 1995 , Kupfer 1995 . Fragment shape is an important predictor of species richness for small fragments, although the predictive power of this variable may decrease in larger fragments because edge effects are more pronounced in small fragments (Saunders et al. 1991) . Boundary complexity, defined as the number of habitat types or edge types that border a fragment, has also recently been hypothesized to be associated with species richness in tropical forest fragments (Metzger 2000) .
Some researchers, however, have noted that GIS modeling of landscapes has not been able to predict the distribution of species richness at a local or regional spatial scale with a high degree of accuracy because information on landscape structure neglects important environmental and disturbance factors that currently or historically occurred in remaining forest patches (Heywood et al. 1994 , Cherrill et al. 1995 , Whitmore 1997 , Hargis et al. 1998 , Griffins et al. 2000 . In particular, vector-based land-cover/land-type data traditionally contain little information on habitat quality, because once a vegetation type is classified, the entire vegetation type in a region is assumed to have similar habitat attributes such as similar floristic composition and structure.
A number of indices for high spatial resolution spaceborne satellites like IKONOS, SPOT, ASTER, and Landsat have been developed that may provide important information on habitat quality. One of the most widely used indices in remote sensing is the normalized-difference vegetation index (NDVI), which is the ratio between the red and infrared bands and is an estimate of vegetation greenness (Goward et al. 1985 , Jensen 2000 . NDVI has potential associations with woody-plant species richness at a variety of scales. At a regional scale or 1-km pixel size, NDVI has been associated with net primary productivity and actual evapotranspiration (Prince 1991 , Chong et al. 1993 ). Hence, it may be possible to predict species richness based on the species-energy theory (Currie 1991 , Brown 1995 , Francis and Currie 2003 , Hurlbert and Haskell 2003 . This index may also be used to assess the successional status of tropical dry forests because all tropical dry forests have a pronounced dry season when a number of canopy species lose their leaves (Murphy and Lugo 1986) . The percentage of the canopy species around the world that lose their leaves varies, but in all regions young early successional forests are dominated by deciduous species and older late-successional forest contain a number of evergreen species (Murphy and Lugo 1986 , Ross et al. 2000 , Quigley and Platt 2003 . This phenology pattern, that assumes higher species richness in older forest fragments, may be quantified using satellite imagery during the dry season at the stand and forest-patch level, which may provide data on successional status of forests and associated species richness (Kramer 1997 , Steininger 2000 , Gillespie et al. 2004 .
Other researchers have noted that the variation in NDVI is positively correlated with species richness within a landscape (Gould 2000, Oindo and Skidmore 2002) . This is based on the theory that NDVI variability is an indicator of habitat heterogeneity within a landscape and hence species richness (Ricklefs 1977 , Gould 2000 . A similar pattern of habitat heterogeneity may also be quantified based on the theory that high species richness occurs at intermediate levels of disturbance, which could be measured as the variation in NDVI values over a forest stand or patch (Grime 1973 , Connell 1978 , Pickett and White 1985 . A high-resolution test of the utility of these spectral indices in stands and patches of forest has still not been undertaken in the tropics.
This research identifies landscape metrics and spectral indices that may be applied at the stand and patch level to predict woody-plant species richness in tropical dry forests of south Florida, USA, which are within the Caribbean biodiversity hot spot (Myers et al. 2000) . In particular, this research (1) assesses patterns of stand and patch species richness in tropical dry forests of south Florida, (2) compares species richness, forest phenology, and stand density between mainland and island sites, (3) examines the relationships among landscape metrics and spectral indices, and (4) identifies which individual and combination of landscape metrics and spectral indices best predict stand and patch species richness in tropical dry forests. Results from this study can be used to quantify patterns of woody-plant species richness in tropical dry-forest regions, especially under-researched areas like biodiversity hot spots where almost no information on forest extent and woody-plant species richness exists.
METHODS

Study area and sites
Tropical dry forest, often called ''tropical hardwood hammocks'' or ''tropical hammocks'' in Florida (USA), occur on limestone outcrops in extreme southern Florida on islands in the Keys, on elevated coastal ridges along the Atlantic coast, and as tree islands within the more extensive pine savannas and sawgrass wetlands in the Everglades (Myers and Ewel 1990 , Ross et al. 1992 , Horvitz et al. 1998 . Tropical dry forests in south Florida occur on Pleistocene limestone and coastal ridges with skeletal organic soils containing minor mineral components, and rarely exceed 20 cm in depth Ewel 1990, Ross et al. 2000) . The extent of this forest in Florida has been dramatically reduced due to agricultural expansion and urban development Ewel 1990, Strong and Bancroft 1994) .
This study was undertaken in 18 stands of tropical dry forest in 17 protected areas or patches of tropical dry forest (Fig. 1) . Nine stands were located on islands in the Florida Keys and nine stands were located within an urban-agricultural matrix in Miami-Dade and Broward counties. Three criteria were used for site selection. First, sites had to be within an area that was protected at the federal, state, or local level, such as a city park, or managed by a nonprofit organization. Second, only patches with at least 2 ha of forest cover that are dominated by at least 95% native tropical tree species were used (Tomlinson 1980) . Third, all forest-fragment sites had to have a similar geologic substrate (limestone outcrops) with no evidence of surface water or flooding during the wet season.
Field methods
Woody-plant species richness was quantified at the stand and patch level in tropical dry forests of south Florida. At the stand level, permanent belt transects totaling 500 m 2 were established to quantify woodyplant species richness at each site in the summer of 2000, 2001, and 2002 . Each sample consisted of five belt transects (2 ϫ 50 m) 10 m apart in which all plants Յ2.5 cm in diameter at breast height (dbh) rooted in the sample area were recorded and included in this analysis (Gentry 1988) . Transects were located in mature stands or stands judged to be in an advanced state of regeneration following Gentry (1988) and were established at least 20 m from the edge. The number and density of deciduous and evergreen species was calculated for each study site. The location of belt transects for reference with remote-sensing data was collected with a GPS unit on a 40-m antennae extension that was raised above the forest canopy as well as field measurements from ground control points.
At the patch level, the presence/absence data for native tropical woody-plant species was collected from all study sites. There are 65 native tropical species able to reach a Ն2.5 cm dbh that occur in tropical dry forests of south Florida (Tomlinson 1980 ) (Appendix). Species richness per patch was based on extensive species lists from the Institute for Regional Conservation (IRC 2002) . The Institute for Regional Conservation (IRC) has undertaken extensive surveys of all plant species in a number of habitats and protected areas in south Florida over the last 10 years. I undertook systematic searches for all species 2.5 cm dbh or greater at six sites (Simpson, Matheson, Viscaya, John Pennekcamp, Windley Key, and the single largest site, Elliot Key) in order to assess the accuracy of the species lists from the IRC. Plant lists from the IRC appear to be very accurate, with an overall accuracy of 99.5% compared Ecological Applications Vol. 15, No. 1 to my field surveys. I found the same number of species the IRC found at four sites (Simpson, Matheson, Windley Key, John Pennekcamp), I found one species they missed at Viscaya, and they found two species I missed at Elliot Key. All species I encountered in transects at all sites had been identified by the IRC as occurring at each study site.
Landscape metrics and spectral indices
An assessment of the utility of landscape metrics and spectral indices for predicting species richness was undertaken at the stand and patch level. Two Landsat Enhanced Thematic Mapper Plus images (path 15, row 42, and path 15, row 43) were acquired from 9 January 2002 to calculate landscape metrics and spectral indices. Preprocessing (geometric and radiometric correction) and cross calibration of images followed standard methods of the United States Geological Survey (Raabe and Stumpf 1997) . All preprocessing, image analyses, and GIS analyses were undertaken using ENVI software version 3.6 (Research Systems, Boulder, Colorado, USA).
Landscape metrics included forest patch area, nearest neighbor distance, shape index, and boundary complexity. These metrics were selected because they have been shown to be relatively independent of other metrics (i.e., area, isolation, shape) and they have been associated with species richness in forest fragments (Bierregaard et al. 1992 , McCoy and Mushinsky 1994 , Hargis et al. 1998 , Honnay et al. 1999 , Metzger 2000 . Forest patches at each study site were digitized as regions of interest using bands 3, 4, and 5 in order to calculate landscape metrics. Forest-patch area was quantified as the amount of continuous forest at a site. The nearest neighbor distance was used as a measure of isolation because this metric has been extensively used to quantify patch isolation (Hargis et al. 1998 ). The nearest neighbor distance was calculated as the Euclidean distance from the center of a forest patch to the center of the closest tropical dry-forest patch greater then 2 ha (McCoy and Mushinsky 1994, Hargis et al. 1998) . Fragment shape was the simple ratio of the log-perimeter of a forest patch to log-area (Hargis et al. 1998) . Boundary complexity was the number of land-cover types that border a patch (Metzger 2000) . This was quantified as the number of land-cover types identified in the Florida Gap Analysis Project that bordered each patch (data available online).
2 NDVI (normalized-difference vegetation index) values from Ϫ1.0 to 1.0 were calculated using the red and infrared bands (band 4 Ϫ band 3)/(band 4 ϩ band 3). The January date was selected because it corresponds to the dry season when many deciduous species have lost their leaves and there is little cloud cover or atmospheric interference (Tomlinson 1980) . The locations of the transects were georectified to the image 2 ͗http://www.wec.ufl.edu/coop/gap͘ and a single pixel directly over the third belt transect at each study site was identified.
Three methods using spectral indices were examined to identify predictors of stand and patch species richness using mean and standard deviation NDVI values. At the stand level, mean and 1 SD of NDVI values were collected for the nine pixels (3 ϫ 3 pixel or 90 ϫ 90 m) directly over the area where transects were established. At the patch level, mean and standard deviation of NDVI values were collected following Gould (2000) in which a 500-pixel area (25 pixels ϫ 20 pixels) above the center of the study sites was used to estimate species richness. Nonpositive values in NDVI images were set to zero and not treated as input data (Gould 2000) . Finally, all polygons used to measure forest patch area were subset (i.e., all pixels within a polygon were extracted), and mean and 1 SD of NDVI values for all pixels in the forest patch were calculated for each study site.
Analyses
All landscape metrics and spectral indices were examined for a normal distribution with a one-sample Kolmogorov-Smirnov test. All variables had a normal distribution with the exception of patch size, which was then log-transformed to meet assumptions of normality. Woody-plant species richness was analyzed at both the stand and patch levels. A two-sample t test was used to identify significant differences in stand and patch species richness between the mainland and island sites and used to compare the number and density of deciduous and evergreen species in stands between the mainland and island sites. Two-sample t tests were also used to determine significant differences in landscape metrics and spectral indices between mainland and island sites. A Pearson correlation coefficient examined autocorrelations between landscape metrics and spectral indices, and Bonferroni-adjusted probability values were applied for all significance levels. Linear regressions determined which method best predicted woodyplant species richness in stands and patches for all study sites. Multiple-regression analyses of landscape metrics and spectral indices that best predicted woodyplant species richness were performed to determine how combined methods explained variability in woody-plant species richness at the stand and patch level (Gould 2000) . Linear regressions determined the amount of variation in the mean and standard deviation of NDVI explained by the number and density of deciduous and evergreen species.
RESULTS
Stand and patch species richness in south Florida
The 18 exotic species (23 plants) were recorded. The mean number of species per 100-m 2 transect for all sites ranged between approximately 7 to 11 species per transect on the mainland and 9 to 14 species per transect on islands, with a low standard deviation for all sites (Table 1) . Elliot Key in Biscayne National Park had the highest stand species richness. Woody-plant species richness was significantly higher in island stands than mainland stands (t ϭ Ϫ2.90, P ϭ 0.015).
Sixty-five species of native tropical woody plants whose primary habitat is tropical dry forest were identified in south Florida (see the Appendix). There was a significant association between stand and patch species richness (Pearson correlation coefficient, r ϭ 0.644, P Ͻ 0.01). Study sites in the Upper Keys had the greatest patch species richness. Patch species richness was significantly higher on islands in the Florida Keys then the mainland (t ϭ Ϫ3.12, P ϭ 0.007). Patch species richness declined from the Upper Keys to the Lower Keys (r ϭ 0.912; P Ͻ 0.01) but no significant pattern from North to South occurred on the mainland (r ϭ 0.085; P ϭ 0.83).
Forest phenology and density
Five deciduous species (Busera simaruba, Lysiloma latisiliqum, Metopium toxiferum, Piscidia piscipula, Swietenia mahagoni) and 68 evergreen species were recorded from the 18 stands of tropical dry forest in south Florida. The Upper Keys had the highest number of deciduous and evergreen species (Fig. 2a) . Significantly more deciduous species occurred on islands in the Florida Keys compared to the mainland (t ϭ Ϫ3.98, P ϭ 0.002), but no significant difference occurred between the number of evergreen species on islands and the mainland (t ϭ Ϫ1.67, P ϭ 0.120). The density of deciduous species was greatest in the Upper Keys while the density of evergreen species was greatest in the Lower Keys (Fig. 2b) . Stand density increased from northern to southern study sites (r ϭ 0.822, P Ͻ 0.001). Islands sites had a higher density of deciduous plants (t ϭ Ϫ3.82, P ϭ 0.004) and evergreen plants (t ϭ Ϫ4.79, P Ͻ 0.001) then the mainland.
Landscape metrics and spectral indices of tropical dry forest
Tropical dry-forest patches in the Florida Keys had significantly larger forest-patch areas and greater perimeter-to-area ratios due to the linear shape of islands compared to the mainland sites (Table 2 ). There were no significant differences in isolation measured as the nearest neighbor distance or boundary complexity among island and mainland sites. The mean NDVI (normalized-difference vegetation index) for all three spectral-indices measurements were significantly greater in the Florida Keys than mainland sites. Standard deviations in NDVI were only significantly different at the stand level, with greater heterogeneity at mainland sites.
A number of autocorrelations were found among landscape metrics and spectral indices (Table 3) . Landscape metrics of patch area, isolation, shape, and boundary complexity were relatively independent of each other. However, there was a significant negative relationship between patch size and the shape index because large patches were located on linear-shaped islands that have a high ratio of edge to area compared ) of tropical dry forest in south Florida, USA. Numbers on the x-axis correspond to study sites in Fig. 1 and are ordered from north (left) to south. to the smaller patches located on the mainland that were more circular. There was a significant positive relationship among the landscape metrics of patch size and the spectral-index mean NDVI for 500 pixels. Spectral indices of mean NDVI for stand, 500 pixels, and patch level were all autocorrelated because these variables were relatively nested and not expected to be independent, however, the standard deviations were independent.
Species richness, landscape metrics, and spectral indices At the stand level, no significant relationship occurred between stand species richness and forest patch area, isolation, shape, or boundary complexity (Table 4 ). There was a significant positive relationship between mean NDVI for the nine pixels over each stand and stand species richness and a significant negative relationship between species richness and standard deviation of NDVI for nine pixels over each stand (Fig. 3) . Thus the higher the mean NDVI values and the lower the variation in NDVI values the higher the species richness. A multiple regression including both mean and standard deviation in NDVI resulted in an increase in the accuracy of NDVI as a predictor of stand species richness (r 2 ϭ 0.444, P ϭ 0.012; Table 5 ). Notes: Abberviations are: sNDVIx, stand NDVI (normalized-difference vegetation index) mean; sNDVIs, stand NDVI standard deviation; 500NDVIx, 500-pixel NDVI mean; 500NDVIs, 500-pixel NDVI standard deviation; pNDVIx, patch NDVI mean; pNDVIs, patch NDVI standard deviation. Boneferroni-adjusted P values: * P Ͻ 0.05; ** P Ͻ 0.01. A linear regression identified whether the number and density of deciduous or evergreen plants could explain the mean and standard deviation in NDVI at the stand level (Table 6 ). Mean NDVI was positively associated with the number and density of deciduous and evergreen plants while the standard deviation in NDVI was negatively associated with the number and density of plants. The number of deciduous species explained 26% of the mean NDVI and 35% of the standard deviation of NDVI at the stand level while the density explained ϳ34% of the mean and standard deviation in NDVI. This is contrary to the hypotheses that stands with high species richness should have a low number and a low density of deciduous plants. Although there was no significant relationship between the number of evergreen species and mean and standard deviation in NDVI, the density of evergreen species explained ϳ66% of the variation between mean NDVI and 36% of the variation of the standard deviation in NDVI. This suggests that the density of evergreen plants result in significantly higher mean NDVI at the stand level.
PREDICTING PLANT SPECIES RICHNESS
At the patch level, a number of landscape metrics and spectral indices were associated with patch species richness (Table 4) . Patch species richness was positively associated with forest-patch area. All mean NDVI values at the stand, 500-pixel, and forest-patch area level were positively associated with patch species richness. A significant negative correlation occurred between standard deviation of NDVI at the stand level and patch species richness. Patch area, mean NDVI, and standard deviation in NDVI at the stand level were not autocorrelated and were the best predictors of patch species richness in tropical dry forests of south Florida. When these three predictors were included in a multiple regression, they significantly improved the predictive value of the regression equation (r 2 ϭ 0.501, P ϭ 0.018; Table 7 ).
DISCUSSION
Tropical dry forests in south Florida
The mean number of species per 100-m 2 belt transect in tropical dry forest of Florida (USA) is similar to those found in tropical dry forest of Central America that have 10 to 14 species per 100 m 2 (Gillespie et al. 2000) . However, tropical dry forests in Florida contain low levels of stand and patch species richness compared to other tropical dry forest types in Mexico, Central America, and South America (Gentry 1988 , Gillespie et al. 2000 , Trejo and Dirzo 2002 . Relationship between woody-plant species richness in stands of tropical dry forest in south Florida, USA, and (a) mean NDVI and (b) standard deviation in NDVI for the nine pixels directly over each stand. Quigley and Platt 2003) . This is because the tropical dry forests in south Florida are at the northern extreme of this vegetation type and the associated colder temperatures limit the distribution of a number of tropical dry-forest plant species (Tomlinson 1980) . Hurricane Andrew passed over a majority of these study sites on 24 August 1992 and resulted in significant structural damage to the tropical dry forests in Miami-Dade county and the Upper Keys (Horvitz et al. 1998 , Ross et al. 2000 . Horvitz et al. (1998) undertook post-hurricane research in Castellow Hammock, Charlie Deering Estate, and Matheson Hammock and noted the invasion of non-indigenous species, especially vines, that filled a number of functional groups or niches of species absent in the native tropical dry forests of Florida. Seven years after their study, there were low levels of exotics within stands of forest in south Florida, with no exotics in transects at Matheson Hammock or Castellow Hammock and one exotic species in transects at the Charles Deering Estate. This suggests that exotic-species removal programs in protected areas were successful after Hurricane Andrew.
The richest sites in the Florida Keys (Fig. 1) are located in the Upper Keys in well-protected Federal (Biscayne National Park, Crocodile Lake National Wildlife Refuge) and State (Key Largo Hammocks State Botanical Site, John Pennekamp) reserves, with species richness at the patch level decreasing towards the Lower Keys. On the mainland (see Fig. 1 ), one of the best remaining patches of tropical dry forest with high species richness at the stand and patch level is Simpson Hammock, a small 4-ha reserve in downtown Miami surrounded by skyscrapers and freeways. Charles Deering Estate and Matheson Hammock also contain high species richness on mainland Florida. Overall, the tropical dry forest in south Florida, although significantly fragmented, contains significant levels of species richness even in small fragments and appears to be well protected and managed.
Predicting species richness
Most studies of woody-plant species richness in a series of tropical forest fragments are undertaken using plot data (Bierregaard et al. 1992 , Turner 1996 , Metzger 2000 . Species lists per patch are less common because of the amount of time and resources needed to undertake extensive surveys. Outside of Florida and Australia there are few tropical dry-forest regions where complete patch-level lists of species in forest fragments are available (Bowman et al. 1993 , Fensham 1995 . Although there was a significant association between stand and patch woody-plant species richness, controlling for area by establishing a plot within a forest fragment and undertaking extensive surveys of woody plants can have a significant effect on the predictive power of landscape metrics and spectral indices (Gaston 2000 , Whittaker et al. 2001 .
The best predictor of stand species richness was high mean NDVI (normalized-difference vegetation index) and low standard deviations of NDVI for the nine pixels above each stand. This relationship was hypothesized to occur because early successional forests that generally contain low species richness are dominated by deciduous species while late-successional forests are dominated by evergreen species and generally contain higher levels of species richness. This has recently been documented in the Florida Keys where all dominant species in stands of forest Ͻ50 years old were deciduous, 16% of the dominant species in stands 50-75 years old were deciduous, and no deciduous species were dominant in stands Ͼ75 year old (Ross et al. 2000) . However, this was not the case when the number and density of the deciduous plants was compared with the mean and standard deviation of NDVI at each site. Sites in the Florida Keys had a high incidence and abundance of deciduous species and still contained high species richness; indeed the deciduous species contributed to overall patterns of species richness in south Florida. It appears that the density of evergreen woody plants in tropical dry forests best explains the mean and variation in the NDVI at the stand level. Although deciduous canopy species lose their leaves during the dry season, the density of subcanopy evergreen species results in high mean NDVI and low variation in NDVI over the stand. Subcanopy species generally occur in significantly higher densities then canopy species in tropical dry forests, and contribute to overall levels of species richness (Conduit et al. 1996, Quigley and Platt 2003) . This is consistent with the theory that NDVI measures photosynthetically active radiation absorbed by the canopy and net primary productivity and supports the species-energy theory at the stand level for tropical dry forests in south Florida (Chong et al. 1993 , Guerschman et al. 2003 , Hurlbert and Haskell 2003 . A test of this method at the stand level needs to be undertaken in other tropical dry forests and forest types. There were a number of landscape metrics and spectral indices associated with patch species richness. Landscape metrics of forest-patch area was significantly correlated with woody-plant species richness and was the most robust predictor of patch species richness. The species-area relationship is one of the best-documented patterns in ecology, and remote sensing provides an accurate and repeatable method to calculate area of tropical dry forests (Kramer 1997 , Jensen 2000 , Turner et al. 2003 . Indeed, there was a significant correlation between patch area measured in this study and patch area measured in the Florida Gap Analysis Project (r ϭ 0.988; P Ͻ 0.001). Spectral indices of mean NDVI at the stand, 500-pixel, and forest-patch levels all predicted significant levels of patch species richness. This is largely because all mean spectral indices were relatively nested and intercorrelated, although the 500-pixel method was associated with a landscape metric, forest-patch area. The coefficient of determination and significance levels of all mean NDVI values were relatively similar for each method; however, for repeatability in other regions, there are a number of advantages in using the 500-pixel method used by Gould (2000) at the patch level. The 500-pixel method appears to capture data on patch size, it is very easy to repeat over a forest fragment in other regions, and may provide a more representative sample than just 9 pixels over a forest fragment. The standard deviation of NDVI was associated with woody-plant species richness at the stand level; however, at the patch level there is no evidence that high variability is a useful predictor of greater species richness in tropical dry forests of south Florida. The lower the variability in NDVI values or the more homogenous the values, the higher the species richness (MacKey and Currie 2001). However, the variability in NDVI may be useful when assessing patterns of landscape diversity if a number of habitat types are included (Gould 2000, Oindo and Skidmore 2002) .
Tropical dry forests are one of the world's most endangered forest types (Janzen 1988 , Lerdau et al. 1991 , Mittermeier et al. 1999 . Currently there are 11 biodiversity hot spots that contain tropical dry forest but there are no comparative data on current forest extent and almost no data on species richness for remaining forest fragments (Mittermeier et al. 1999 , Myers et al. 2000 . My research demonstrates that it is possible to quantify levels of stand and patch woody-plant species richness in tropical dry-forest regions using remote sensing, a task made easier by the few remaining or protected fragments that exist in most hot spots (Mittermeier et al. 1999, Gillespie and Jaffre 2003) . It should be possible to rank the levels of species richness in tropical dry-forest stands within a reserve or between tropical dry-forest sites within a biodiversity hot spot by examining the mean and variation of NDVI. This should be used as a first-order approximation in the absence of field data because of the relatively lower coefficient-of-determination values recorded from this research in south Florida. However, it should be remembered that I found significant associations between woody-plant species richness and NDVI in mature and protected stands of tropical dry forest. A more pronounced difference in NDVI and stronger associations with woody species richness should occur in other tropical dry forests outside of Florida were disturbances such as wood collecting and fire result in lower levels of woody-plant species richness and greater variations in NDVI between stands. Calculating the area of remaining forest in biodiversity hot spots in a manner similar to the Gap Analysis Project in the United States could be used to predict species richness at the patch level in biodiversity hot spots (Scott and Jennings Ecological Applications Vol. 15, No. 1 1998). However, as noted by Gould (2000) , combining vegetation maps with spectral indices such as mean NDVI can provide important information on area and quality of forest, and improve estimates of woody-plant species richness. A complete data set of the extent and NDVI of all tropical dry forests in biodiversity hot spots would provide an efficient means of assessing individual sites within and between regions.
